The peak activities of continental flood basalts are currently considered as huge and brief (ϳ1 m.y.) magmatic events, with strong implications for geodynamics and biotic turnover. New 40 Ar/ 39 Ar dates on the Karoo flood basalts (southern Africa) show a longer duration of magmatism (ϳ8 m.y., with 6 m.y. for the main volume) with an apparent south-to-north migration, along with briefer distinctive pulses inside the province. This suggests that the Karoo province does not fit the general plume model invoked for most continental flood basalts (including the Karoo) and may explain the absence of a major contemporaneous mass extinction.
INTRODUCTION
Continental flood basalts (e.g., Deccan traps, Siberian traps, Paranà-Etendeka) consist of huge volumes of magma considered as mostly produced in a relatively brief period of time. They constitute key events related to continental breakup and mass extinction. However, knowledge of these flood basalts is still insufficient and inadequate, in terms of size (e.g., Marzoli et al., 1999; Reichow et al., 2002) , composition, age, and duration, to constrain their origin and implications. This is particularly the case for the Karoo-Ferrar flood basalts, for which the very short duration proposed, Ͻ1 m.y. (Courtillot and Renne, 2003) , relies on very few data (Duncan et al., 1997) .
GEOLOGICAL SETTING
The Karoo-Ferrar flood basalts mostly consist of tholeiitic basaltic rocks now preserved in southern Africa (Karoo), Antarctica, Australia, and New Zealand (Ferrar). They are related to the disruption of southern Gondwana (referred to present-day poles) and the opening of the Indian Ocean. The Karoo province extends over Archean cratons (KaapvaalZimbabwe), Proterozoic belts (Limpopo), and Permian-Jurassic basins as lava flows, sills, and giant radiating dike swarms, covering ϳ3 ϫ 10 6 km 2 (Cox, 1988 are not homogeneously distributed over the province (Fig. 1) . In southern Karoo, nine 40 Ar/ 39 Ar plateau ages on mineral separates from tholeiitic basaltic rocks (whole-rock data cannot be unambiguously considered as reliable ages) and one zircon baddeleyite U/Pb dating on granophyre (Duncan et al., 1997; Encarnacion et al., 1996, respectively) give a time span between 180.3 Ϯ 3.6 Ma (2) and 184.7 Ϯ 1.0 Ma with a peak age at 183.7 Ϯ 2 Ma. Systematic errors are not included in the age calculation, as all data except one (U/ Pb) were obtained considering intercalibrated age monitors (see discussion here and Min et al., 2000) . Recent zircon U/Pb dating (SHRIMP) on the postbasaltic Lebombo rhyolites (Riley et al., 2004) Jones et al., 2001) , an acidic pluton (recalculated at 181.8 Ϯ 4.0 Ma; Landoll et al., 1989) , and the giant Okavango dike swarm (178.4 Ϯ 1.1 Ma to 180.9 Ϯ 1.3 Ma; Le Gall et al., 2002; Jourdan et al., 2004) . Aeromagnetic and borehole data from beyond the northwestern limit of the previously studied part of the Karoo province suggest that lavas underlie the Kalahari Desert (Ͼ10 6 km 2 ) in Botswana, Zambia, and Angola (Fig.  1) Turner et al., 1971) calibrated to the Fish Canyon sanidine (28.02 Ma; Renne et al., 1998; Renne, 2000) . Integrated laser or furnace step-heating experiments were done depending on the available mineral weight (ϳ2 mg or ϳ20-30 mg, respectively; see Jourdan et al. [2004] for detailed methodology). Synthesized results are given in Figure 1 and Table DR1 1 and age spectra and data are given in Figure 2 and Table DR2 (see footnote 1), respectively. These new data (1) provide a more realistic space and time evolution of the province, (2) support an alternative to the plume model for the Karoo flood basalts, and (3) might explain the absence of a first-order mass extinction often associated with other major flood basalt provinces.
Plateau and miniplateau (Ͻ70% of 39 Ar released) ages (n ϭ 25) from lava flows range from 175.6 Ϯ 2.0 Ma to 182.1 Ϯ 0.7 Ma (2), including 8 plateau ages from the Shadi-Shadi lava pile section mostly ranging from 178.0 Ϯ 1.6 Ma to 180.7 Ϯ 1.9 Ma (excluding one less-precise age of 182.8 Ϯ 3.5 Ma). The two drilled sills display ages of 180.0 Ϯ 0.7 Ma and 181.8 Ϯ 1.6 Ma. Dikes (n ϭ 12) from the Okavango swarm were previously dated as ca. 179 Ma (Le Gall et al., 2002; Jourdan et al., 2004) , similar to four Okavango dikes from eastern and western Botswana (179.8 Ϯ 0.7 Ma to 180.5 Ϯ 1.0 Ma). Similar ages of 178.9 Ϯ 0.8 Ma (Le Gall et al., 2002) and 180.4 Ϯ 0.7 Ma are obtained on dikes from the N70Њ oriented Sabie-Limpopo dike swarm. Two dikes (from north and east of Botswana) yield ages of 180.0 Ϯ 0.7 Ma and 180.6 Ϯ 0.7 Ma. The basaltic plug yields an age of 179.9 Ϯ 1.0 Ma. Two N-S-oriented dikes intruding the Lebombo monocline show relatively old ages of 182.3 Ϯ 1.7 Ma and 181.4 Ϯ 0.7 Ma, in agreement with ages measured on the Lebombo basalts (Duncan et al., 1997) .
DURATION AND MIGRATION OF THE MAGMATISM
Botswana magmatism represents an important part of the Karoo flood basalts, covering a paleosurface of ϳ0.6 ϫ 10 6 km 2 and thus corresponding to the largest, best-preserved area of continuous lavas within the province. Although important Karoo formations remain to be precisely dated, new and previous age data on the Karoo flood basalts allow a better time-space evolution, as shown by the probability density distribution diagram (Fig. 3A ) (Sircombe, 2004) . The Okavango dikes yield a nearly Gaussian curve with a narrow peak at 179.1 Ma, attesting to a relatively brief emplacement (ϳ2.5 m.y. at the middle height of the peak; Jourdan et al., 2004 , and four dikes from this study). The 27 ages from lava flows and sills of Botswana (our data) along with the 2 lava flows of northern Zimbabwe (Jones et al., 2001 ) display a spread flattened curve with a sinuous top, probably defining a 4-5 m.y. continuous emplacement of the lava flows. All Karoo lavas and sills that were dated on mineral separates (n ϭ 39) were plotted in a histogram coupled with a probability curve (Fig. 3B) . These results, along with those shown in Figure 3A , confirm a duration of ϳ8 m.y. with the majority of magmatism emplaced over ϳ6 m.y. (i.e., between ca. 178 and 184 Ma).
Overlapping but apparently distinct groups of ages appear on both sides of an E-W line located at ϳ25ЊS (Fig. 3C) , with mostly younger northern (ca. 178-182 Ma) and older southern (181-185 Ma) basaltic volcanism. Nevertheless, within this period, at least two brief contemporaneous major magmatic or tectonomagmatic events occurred: (1) the Okavango dike swarm (178.4 Ϯ 1.1 Ma to 180.9 Ϯ 1.3 Ma), which postdates a significant amount of the Karoo lava emissions and cannot be considered as their feeder, in agreement with their contrasted chemical compositions , and (2) the 800 m Shadi-Shadi lava pile (178.0 Ϯ 1.6 Ma to 180.7 Ϯ 1.9 Ma), representing the youngest dated lava emission within Botswana and demonstrating that the dating of a single lava section is not representative of the bulk age and duration of a province.
Such a long emplacement appears atypical for continental flood basalts (assuming that the chronology of other provinces is accurate), as 95% of the volume is generally emplaced in a relatively brief period of ϳ1-2 m.y. (see review in Courtillot and Renne, 2003) . Admitting a minimum duration of 6 m.y. for the main phase of magmatism and a total volume of 2 ϫ 10 6 km 3 , the Karoo province would require a melt production rate of ϳ0.3 km 3 yr Ϫ1 , several times less than the Central Atlantic Magmatic Province (ϳ1 km 3 yr Ϫ1 rate derived from Marzoli et al., 1999) or the Kerguelen Plateau (2.3 km 3 yr Ϫ1 ; Nicolaysen et al., 2000) .
Both the age difference between northern and southern parts of the province and the relatively long duration of magmatism can hardly be the results of an artifact and/or attributed to interlaboratory bias because: (1) the previous older southern (Duncan et al., 1997) and younger Zimbabwe (Jones et al., 2001 ) age data were obtained following the same analytical procedure and using the same FCT-3 (Fish Canyon Tuff-3) biotite standard monitor (28.03 Ma); (2) our ages (along with those published in Le Gall et al., 2002; Jourdan et al., 2004) are measured using the Hb3gr hornblende (1072 Ma), which is intercalibrated relative to the FC standard (see preceding references); (3) the older age of 184.2 Ϯ 1.2 Ma (possibly affected by a slight excess argon) supplied by lava flows in the Lebombo monocline (Duncan et al., 1997) is compatible with two plateau and miniplateau ages of 181.4 Ϯ 0.7 Ma and 182.3 Ϯ 1.6 Ma obtained from dikes sampled in the Lebombo monocline (our data); (4) highly clustered Ar/Ar ages measured on both the Okavango dikes and the Shadi-Shadi section clearly demonstrate that this method, when applied to unaltered plagioclases, gives reliable ages; (5) U/Pb analysis on zircon and baddeleyite from the New Amalfi sill gave an age of 183.7 Ϯ 0.6 Ma (Encarnacion et al., 1996) , in agreement with the 40 Ar/ 39 Ar ages measured on the southern- most basalts ( Fig. 3A ; see the two similar histograms with and without the U/Pb data), even considering systematic differences between the two dating methods (Min et al., 2000) .
GEODYNAMIC INTERPRETATION
The origin of the Karoo flood basalts is debated. The new and previous age data demonstrate that formation of this province was a relatively long lasting event, which included brief specific magmatic events such as the Okavango dike swarm or the Shadi-Shadi lava pile, providing important constraints on some crucial points. Time-space emplacement of the Karoo basalts suggests an origin different from that of plume-related continental flood basalts such as the Deccan or the EthiopianYemen traps, for which durations as short as ϳ1 m.y. (Hofmann et al., 2000) or ϳ1.5 m.y. (Hofmann et al., 1997) , respectively, have been advocated. The long duration for the Karoo basalts is more in accordance with the time span calculated by Turner et al. (1996) for flood basalts produced by the melting of a thick (Ͼ100 km thick) lithospheric mantle. Giant radiating dike swarms such as those of the Karoo province or the McKenzie dike swarm are considered as direct evidence of mantle plume affecting the lithosphere (Ernst et al., 1995; Ernst and Buchan, 1997) . In such a model, these dikes allow subsequent propagation of the magma and feed lava flows over a great distance beyond the focal impact zone. Our data clearly show that the giant Okavango, and possibly the Sabie-Limpopo, dike swarms are late-stage events (ca. 179 Ma) that postdate most of the lava flows and thus preclude any feeding relationship. Moreover, the Okavango dike swarm clearly follows a Proterozoic-inherited direction (Jourdan et al., 2004) and thus cannot be considered a primary plume-related structure. Therefore, Ka-roo may be an atypical province compared to other continental flood basalts.
RELATION WITH MASS EXTINCTION
Continental flood basalts are considered as possible contributors to global-scale mass extinctions mainly due to their high amounts of volatiles, aerosols, and dusts released into the atmosphere (Courtillot and Renne, 2003) . According to Pálfy and Smith (2000) , the Pliensbachian-Toarcian biotic turnover at 183.6 Ϯ 1.7 Ma (age based on a revised U/Pb Jurassic time scale) may be synchronous with the Karoo-Ferrar emplacement. Seawater ␦ 13 C and 87 Sr/ 86 Sr incursion are thought to be synchronized with (Little and Benton, 1995; Hesselbo et al., 2000) , or to slightly postdate (Wignall, 2001 ) the Pliensbachian-Toarcian limit, supporting a global anoxic event at that time (Pálfy and Smith, 2000) . However, the Pliensbachian-Toarcian turnover is a minor second-order crisis affecting ϳ5% of the worldwide biota, mainly among the shallowmarine molluscs (Little and Benton, 1995) . Instead, a major mass-extinction event would be expected in response to the emplacement of the huge Karoo province, if it had been a brief volcanic manifestation. Alternatively, the unusually long duration of the Karoo flood basalts (ϳ8 m.y.) implies a lower eruption rate that would have only slightly influenced global climate and fauna. Such a time span would let the atmosphere and the ocean act as strong climate buffers, preventing any important destabilization of the ecosystem.
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